Mammalian target of rapamycin complex 1 (mTORC1) kinase is a master regulator of the cellular response to nutrition-related signals such as insulin and amino acids. mTORC1 is activated on the lysosomal membrane and induces phosphorylation of a variety of downstream molecules. We previously showed that activated mTORC1 induces protein phosphatase 2A (PP2A)-mediated dephosphorylation of the transcription factor forkhead box K1 (FOXK1). The mechanism underlying the signal transduction from the cytoplasmic mTORC1 to the nuclear FOXK1 has remained unclear, however, we now show that a nuclear-cytoplasmic transport system is necessary for the mTORC1-FOXK1 signal transduction. This reaction is mediated by a shuttling protein B56, which is a regulatory subunit of PP2A and plays an essential role in the mTORC1-dependent dephosphorylation of FOXK1. These results suggest that PP2A B56 phosphatase contributes to the signaling for mTORC1-dependent transcriptional regulation.
| INTRODUCTION
Mammalian target of rapamycin complex 1 (mTORC1) is a serine-threonine protein kinase that regulates cellular responses to nutrient signals such as those mediated by insulin and amino acids (Cornu, Albert, & Hall, 2013; Laplante & Sabatini, 2012; Shimobayashi & Hall, 2014) . Nutrient signals activate mTORC1 on the cytoplasmic surface of the lysosomal membrane (Gonzalez & Hall, 2017) . Activated mTORC1 induces phosphorylation and activation of various substrates, many of which regulate protein synthesis, autophagy or metabolism to promote cell growth (Cornu et al., 2013; Laplante & Sabatini, 2012; Shimobayashi & Hall, 2014) . The mTORC1 inhibitor rapamycin blocks the phosphorylation of the substrates and exhibits various drug effects in vivo on cancer, immunity and longevity (Elloso et al., 2003; Guba et al., 2002; Lushchak et al., 2017) .
We previously showed that mTORC1 induces PP2A-mediated multiple dephosphorylation of the transcription factor forkhead box K1 (FOXK1) (Nakatsumi, Matsumoto, & Nakayama, 2017) . The dephosphorylated FOXK1 transactivates C-C chemokine ligand 2 (CCL2), a proinflammatory chemokine that promotes the accumulation of monocytesmacrophages at inflammatory sites (Deshmane, Kremlev, Amini, & Sawaya, 2009; Matsushima, Larsen, DuBois, & Oppenheim, 1989) . Consistent with the fact that hyperactivation of mTORC1 is frequently observed in various types of cancer (Menon & Manning, 2008) , mTORC1 activates FOXK1-dependent transcription of CCL2 to recruit tumor-associated macrophages (TAMs) to the tumor tissues (Nakatsumi et al., 2017) . The mechanistic link between mTORC1 activation and FOXK1 dephosphorylation has been poorly understood, however. Especially, it remains unclear how mTORC1 located in the cytoplasm transduces signals to FOXK1 in the nucleus.
Nuclear-cytoplasmic translocation of macromolecules depends on importins and exportins (Kimura & Imamoto,
|
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2014; Okada et al., 2008) . Importins directly bind to a nuclear localization signal (NLS) sequence of cargo proteins to enter into the nucleus. However, exportins recognize a nuclear export signal (NES) sequence to export the target proteins from the nucleus. The shuttling system between the cytoplasm and the nucleus has been shown to contribute to regulation of various nuclear events including transcriptional regulations (Aggarwal & Agrawal, 2014) .
PP2A, a heterotrimeric serine-threonine protein phosphatase, accounts for the majority of phosphatase activity in eukaryotic cells (Kiely & Kiely, 2015; Shi, 2009; Virshup & Shenolikar, 2009 ). PP2A has a broad substrate specificity and diverse cellular functions. PP2A is a complex composed of structural (C), catalytic (A) and regulatory (B) subunits. The core (A+C) subunits selectively binds to one of four classes of B subunits (PPP2R2/B, PPP2R3/B'', PPP2R4/B''' and PPP2R5/B'/B56), each of which contains several isoforms and splice variants (Kiely & Kiely, 2015; Shi, 2009; Virshup & Shenolikar, 2009 ). The B subunits of PP2A stabilize formation of the complex between substrates and PP2A. Given that the B subunits determine the substrate specificity, the variety of B subunits allows broad substrate recognition by PP2A.
Here, we show that B56, a B subunit of PP2A, plays a pivotal role in the mTORC1-dependent dephosphorylation of FOXK1. B56 constantly shuttles between the cytoplasm and the nucleus regardless of the mTORC1 activity, and the inhibitors of importin or exportin impair the dephosphorylation of FOXK1. Together, our results unveil the mechanism by which the mTORC1-dependent dephosphorylation of FOXK1 is mediated by PPP2A B56 in response to nutrient signals.
| RESULTS

| Nuclear-cytoplasmic translocation is necessary for the mTORC1-FOXK1 axis
We previously showed that PP2A mediates mTORC1-dependent dephosphorylation of FOXK1 (Nakatsumi et al., 2017) . Given that mTORC1 and FOXK1 are located in the cytoplasm and the nucleus, respectively, we suggested that an unidentified factor might shuttle between the cytoplasm and the nucleus to transmit the signal from mTORC1 to FOXK1. We thus examined the effect of inhibitors for importin and Genes to Cells
exportin on FOXK1 dephosphorylation on the basis of the electrophoretic mobility of the band corresponding to FOXK1 by immunoblot analysis (Figure 1a ). Pre-treatment with the importin inhibitor importazole (IPZ) or the exportin inhibitor leptomycin B (LMB) for 1 hr before insulin stimulation effectively prevented FOXK1 dephosphorylation, similar to the effect of pre-treatment with mTORC1 inhibitors rapamycin and Torin 1. To identify the substrate of importin and exportin, we carried out immunofluorescence analysis for the mTOR, A and C subunits of PP2A, and FOXK1, which are the components of the mTORC1-FOXK1 axis (Figure 1b -e).
The localizations of mTOR, PP2A-A and FOXK1 were not affected by treatment with either IPZ or LMB. In contrast, PP2A-C displayed nuclear accumulation by LMB treatment, whereas there was no significant change by IPZ treatment. These results suggested that the importin-exportin translocation system regulates the mTORC1-FOXK1 axis and that the heterotrimeric PP2A complex is the only component that shuttles between the cytoplasm and the nucleus.
| PP2A
B56 mediates FOXK1 dephosphorylation
Specificity of substrates and localization of PP2A are known to be determined by regulatory B subunits (Kiely & Kiely, 2015; Shi, 2009; Virshup & Shenolikar, 2009 ). We thus suggested that regulatory B subunit of PP2A phosphatase might shuttle between the cytoplasm and the nucleus for FOXK1 dephosphorylation. The members of B subunits of human PP2A are categorized into four groups on the basis of their similarity of amino acid sequences (Kiely & Kiely, 2015; Shi, 2009; Virshup & Shenolikar, 2009) . Each group of transcripts was simultaneously depleted in HeLa cells with the use of small interfering RNA (siRNA) and examined the effect on the dephosphorylation of FOXK1. Whereas depletion of PPP2R5/B'/B56 prevented dephosphorylation of FOXK1 by insulin stimulation, that of the other groups of B subunits did not affect the FOXK1 phosphorylation (Figure 2a) . Given that the B56 family consists of five members, PPP2R5A/B56α, PPP2R5B/B56β, PPP2R5C/B56γ, PPP2R5D/B56δ and PPP2R5E/B56ε, we further depleted HeLa cells of each combination of four of five B56 members (Figure 2b ). When the combination of B56α, B56β, B56δ and B56ε, was depleted, FOXK1 dephosphorylation was substantially attenuated, suggesting that B56γ does not contribute to the mTORC1-FOXK1 axis. However, the other combinations of siRNAs did not affect dephosphorylation of FOXK1. These results indicated that B56α, B56β, B56δ and B56ε have the ability of dephosphorylation of FOXK1.
| Activation of mTORC1 does not affect the localization of B56
B56 members were shown to have a shuttling activity between the cytoplasm and the nucleus (Flegg et al., 2010) . To examine whether mTORC1 activity induces the nuclear translocation of B56, we observed the cellular localization of B56 during mTORC1 activation by monitoring enhanced green fluorescent protein (EGFP)-tagged B56α. HeLa cells expressing B56α-EGFP fusion protein showed several patterns of the fluorescence signal in the cytoplasm (C), the nucleus (N) and both of them (NC). The representative images corresponding to each pattern are shown in Figure 3a . Consistent with a previous study (Flegg et al., 2010) , LMB treatment substantially changed the distribution of B56α-EGFP into the nucleus (Figure 3b,c) . However, IPZ treatment slightly tended to localize B56α-EGFP to the cytoplasm, although the changes in localization did not reach statistical significance. In contrast, Torin 1 treatment did not affect the cellular distribution of B56α-EGFP. Together, although PP2A B56 contributes to dephosphorylation of FOXK1, these lines of evidence excluded the possibility that mTORC1 activation directly controls the shuttling of B56 proteins. We concluded that mTORC1 likely regulates the activity of PP2A B56 by unknown mechanisms rather than by translocation of PP2A B56 from the cytoplasm to the nucleus (Figure 3d ).
| DISCUSSION
Although mTORC1 induces dephosphorylation of FOXK1 via PP2A, the signaling cascade has not been fully uncovered (Nakatsumi et al., 2017) . In the present study, we identified B56 as the B subunit of PP2A that is required for the FOXK1 dephosphorylation. B56 was found to continuously shuttle between the cytoplasm and the nucleus through the importinexportin transport system (Flegg et al., 2010) , which fills the gap between mTORC1 and FOXK1. Moreover, B subunits of PP2A generally determine the specificity of substrates, suggesting that B56 defines the substrates of the mTORC1-dependent dephosphorylation in the nucleus (Figure 3d ). Consistent with a previous study showing that B56α is capable of translocating the PP2A-C subunits from the nucleus to the cytoplasm (Flegg et al., 2010) , LMB treatment prevented nuclear export of both B56α and PP2A-C. Given that only a small population of PP2A-C forms complex with B56α, the nuclear accumulation of B56α was likely more pronounced than that of PP2A-C. In contrast, it appears inconsistent that IPZ did not significantly increase cytoplasmic population of B56α and PP2A-C, whereas IPZ treatment prevented the FOXK1 dephosphorylation. This might be explained by the presence of both a small fraction Genes to Cells
of dynamic mobile pool and a large amount of poorly mobile pool of B56α (Flegg et al., 2010) . The nuclear import activity of B56α was shown to be weaker than that for the export (Flegg et al., 2010) . Together, IPZ and LMB likely block the nuclear import and export of the dynamic mobile fraction of B56α, respectively, resulting in impairment of shuttling B56α and subsequent dephosphorylation of FOXK1. Although PP2A B56 directly dephosphorylates FOXK1 in response to mTORC1 activation, the direct substrate of mTORC1 kinase for the pathway remains unknown. Some protein kinases were shown to phosphorylate B56 family proteins. For example, protein kinase C (PKC) phosphorylates Ser 41 of B56α (Kirchhefer et al., 2014) . Protein kinase R (PKR) also phosphorylates Ser 28 of B56α (Ruvolo et al., 2008; Xu & Williams, 2000) . Clk2 phosphorylates B56β (Rodgers, Vogel, & Puigserver, 2011) . Furthermore, multiple sites of B56δ are phosphorylated by protein kinase A (PKA), PKC and Chk1 (Ahn, Kim, Kim, Greengard, & Nairn, 2011; Ahn et al., 2007; Margolis et al., 2006) . These findings suggest that mTORC1 might phosphorylate B56 indirectly via activation of these kinases. Various substrates of PP2A B56 have already been identified, including some cytosolic factors related to cell cycle progression or the Wnt signaling pathway. Furthermore, CCAAT/enhancer binding protein-β (C/EBP-β) was shown to be dephosphorylated by PP2A B56 , and this dephosphorylation is essential for adipogenesis of OP9 and 3T3-L1 cells (Park et al., 2014) . Given that the mTORC1 pathway is also activated during adipogenesis, the dephosphorylation of C/EBP-β might be induced by mTORC1 activation. In addition, c-Myc was identified as a target of PP2A B56 , and mTORC1 also affects c-Myc activity. Consistently, the TOR-PP2A-dMyc pathway was recently shown to contribute to a molecular mechanism underlying immune protection in Drosophila (Lee, Rayyan, Liao, Edery, & Pletcher, 2017) . Although mTORC1 has widely been believed as a regulator of translation, autophagy and metabolism in the cytoplasm, our findings that the mTORC1-dependent activation of PP2A B56 controls FOXK1 activity raises the possibility that mTORC1 might serve as a regulator for certain nuclear events such as transcription, splicing and epigenetic regulation. Further studies are required to identify other substrates of PP2A B56 in an mTORC1-dependent manner and to elucidate the physiological function of these substrates. 
| RNA interference
Specific siRNAs for human PPP2R2A (s608), PPP2R2B (s10969), PPP2R2C (s10972), PPP2R2D (s224395), PPP2R3A (s10975), PPP2R3B (s26252), PPP2R3C (s29986), PPP2R4 (s10978), PPP2R5A (s10981), PPP2R5B (s10984), PPP2R5C (s10987), PPP2R5D (s10990), PPP2R5E (s10993), as well as Silencer Select Negative Control #1 used as a control, were also obtained from Thermo Fisher Scientific. Cells were transfected with siRNAs with the use of Lipofectamine RNAiMAX (Invitrogen).
| Immunoblot analysis
Cells were washed with ice-cold phosphate-buffered saline (PBS), lysed in lysis buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% Triton X-100, 4 mM sodium orthovanadate, 4 mM EDTA, 100 mM NaF, 100 mM sodium pyrophosphate, 1 mM phenylmethylsulfonyl fluoride, protease inhibitor cocktail (Complete, Roche)] and fractionated by SDS-PAGE on a 7% gel. Separated proteins were transferred to an Immobilon FL membrane (Millipore), which was then probed consecutively with primary antibodies and CF770-conjugated secondary antibodies to rabbit or mouse immunoglobulin G (Biotium). The blots were scanned with an Odyssey Infrared Imaging System (LI-COR Biosciences).
| Immunofluorescence analysis
Cells were fixed for 15 min with 4% paraformaldehyde in PBS, permeabilized with 0.1% Triton X-100 and exposed to 3% bovine serum albumin before incubation with primary | Genes to Cells NAKATSUMI eT Al.
antibodies and Alexa Fluor 488-conjugated secondary antibodies (Invitrogen). The primary antibodies included those to FOXK1 (H-140, polyclonal) and to mTOR (clone 7C10, monoclonal), as well as to structural (polyclonal) or catalytic (clone 52F8, monoclonal) subunits of PP2A. Nuclei were stained with 4′,6-diamidino-2-phenylindole. Samples were examined with a laser scanning confocal microscope (LSM700, Carl Zeiss).
| Statistical analysis
Data are presented as means ± SEM and were analyzed with the unpaired Student's t test as carried out with Microsoft Excel software. A p value of <0.05 was considered statistically significant.
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